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Summary 
The effect of various Ca2+-channel blockers on exo- 
cytosis has been studied at the level of single presyn- 
aptic terminals in rat hippocampal cell cultures. The 
fluorescence change of the styryl dye FM 1-43 has been 
used as a measure of exocytosis during electrical stim- 
ulation, e}-Conotoxin GVIA (2-10 p.M) completely inhib- 
ited exocytosis in -45% of the boutons in the field of 
view, while in - 55% exocytosis was inhibited incom- 
pletely (by 38%). This heterogeneity in response of 
presynaptic boutons was not seen with isradipine (5 
p.M) or o}-agatoxin IVA (80 nM), which inhibited exo- 
cytosis by 23% and 17%o, respectively. However, it was 
observed with a combination of all three blockers, Pre- 
and postsynapUc events could be separated in single 
synapses by measuring FM1-43 release and NMDA- 
induced changes in the intracellular Ca 2+ concentra- 
tion independently. 
Introduction 
Neurotransmitter release in the nervous system depends 
on exocytosis of vesicles in presynaptic nerve terminals. 
The vesicles fuse with the plasma membrane and open 
toward the synaptic cleft. In the short period during which 
they are open, they can be loaded with fluorescent mark- 
ers from the extracellular space before their membranes 
are retrieved by endocytosis and vesicles get ready for 
the next cycle. The introduction of the fluorescent styryl 
dye FM1-43 by Betz and colleagues (Betz and Bewick, 
1992; Betz et al., 1992) was a major step forward in the 
study of the kinetics of vesicle recycling in peripheral syn- 
apses (Betz and Bewick, 1993; Betz et al., 1992) and in 
synaptic boutons (diameter < 1.5 ~m) of rat hippocampal 
neurons (Ryan et al., 1993). Although membrane capaci- 
tance measurements are even more sensitive for quantita- 
tive studies of exocytosis (Lindau and Neher, 1988), this 
method can be applied only to larger synaptic terminals 
such as those of retinal bipolar neurons of the goldfish 
(von Gersdorff and Matthews, 1994a, 1994b; Heidelberger 
et al., 1994). 
In the present study, I have used the fluorescent dye 
method to measure the effect of various Ca2+-channel 
blockers on exocytosis in synaptic boutons of rat hippo- 
campal neurons. Ca 2÷ influx through voltage-dependent 
Ca 2÷ channels into nerve terminals during excitation is es- 
sential for exocytosis of synaptic vesicles (Katz, 1969; 
Zucker, 1993). Several types of high voltage-activated 
Ca 2÷ channels in cell bodies of hippocampal neurons have 
been identified by means of fairly selective blockers. L-, 
N-, and P-type channels are blocked by dihydropyridines, 
(o-conotoxin GVIA, and e)-agatoxin IVA, respectively 
(Mintz et al., 1992). These and other Ca 2+ channels in the 
brain have also been cloned and functionally expressed 
(for review, see Hofmann et al., 1994). The presence of 
N-type m subunits in nerve terminals of the hippocampal 
CA3-CA1 region has been demonstrated by their immuno- 
reactivity for specific antibodies (Westenbroek et al., 
1992). A recent study by Wheeler et al. (1994), however, 
has shown that synaptic transmission between CA3 and 
CA1 neurons in hippocampal slices is only partially 
blocked ( -  50%) by e)-conotoxin GVIA, a specific inhibitor 
of N-type channels. The rest was blocked by (o-conotoxin 
MVIIC, a nonspecific inhibitor of Q-type Ca 2÷ channels, or 
by high concentrations of (o-agatoxin IVA, while nimodi- 
pine and co-agatoxin IVA at nanomolar concentrations 
had little effect. Field excitatory postsynaptic potentials 
(EPSPs) from many glutamatergic synapses were re- 
corded in that study. However, the functional response 
of individual synapses in the central nervous system to 
blockade by various Ca2÷-channel inhibitors has not been 
studied so far. This is of interest because heterogeneities 
in the densities of different ypes of Ca 2÷ channels in indi- 
vidual presynaptic boutons could be responsible for the 
incomplete inhibition of field EPSPs in hippocampal slices 
by different blockers. 
Like in the previous study, I have used time-lapse fluo- 
rescence imaging techniques to measure exocytosis from 
presynaptic boutons of hippocampal neurons (Ryan et al., 
1993). Exocytosis was monitored by the release of FM1- 
43 during electrical stimulation. Selective Ca2+-channel 
blockers inhibited exocytosis to different extents and with 
different patterns. After blockade of presynaptic exo- 
cytosis, N-methyI-D-aspartate (NMDA) evoked postsynap- 
tic Ca 2÷ changes identifying single synapses in the hippo- 
campal cell culture as glutamatergic. 
Results 
FM1-43 Unloading during Stimulation 
Figure 1 (left) shows the release of the fluorescent styryl 
dye FM 1-43 from synaptic boutons du ring electrical stim u- 
lation. The dye has been taken up into the presynaptic 
terminals during a period of electrical stimulation (20 Hz, 
15 s), and the cells have been washed afterwards for sev- 
eral minutes in normal saline to reduce background stain- 
ing. In a previous study (Ryan et al., 1993), the fluorescent 
punctae have been identified as presynaptic nerve termi- 
nals by their colocalization with synapsin I. The scanning 
differential interference contrast (DIC) image (upper right) 
shows the neurites where the synaptic boutons are lo- 
cated. The bright synapses in the fluorescence image re- 
lease the dye only during field stimulation (20 Hz), but not 
at rest. The unloading of FM1-43, however, is incomplete 
and saturates during a first stimulation period (9-25 s). 
After a period of rest (25-33 s), a second stimulation 
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Figure 1. Staining and Destaining of Synaptic Nerve Terminals 
FM 1-43 fluorescence of boutons after 15 s loading at 20 Hz stimulation 
and subsequent washing (control, upper left). The dye was released 
during two stimulation periods at 20 Hz (stimulation, lower left). The 
kinetics of FM 1-43 release from a single terminal (arrows on left frames) 
during stimulation have been plotted (lower right); arrows indicate on 
and off of electrical stimulation. DIC/Nomarski image of the field of 
view (upper right). 
causes an additional but much smaller release (Figure 1, 
lower right)• It seldom exceeds 10% of the total dye load- 
ing. Staining and destaining of individual boutons are 
highly reproducible• Figure 2A shows average destaining 
curves of 7 boutons in cultured hippocampal neurons dur- 
ing electrical stimulation. Plotted are two subsequent runs, 
each preceded by a staining and washing period. Extent 
and time course of release of the dye are virtually identical. 
Two other cultures showed the same reproducibility. This 
is an important control for the drug effects on FM1-43 re- 
lease described below. 
Unloading of the dye from single synapses during elec- 
trical stimulation depends on propagated action poten- 
tials. Tetrodotoxin (TTX; 1 pM) completely inhibits the ef- 
fect of field stimulation on dye release, whereas KCI 
depolarization is still effective in the presence of the toxin 
(Figure 2B). Similar results were obtained in six other cul- 
tures. 
Effect of Ca2+-Channel Inhibitors 
on FM1-43 Release 
Different Ca2+-channel inhibitors have been used at satu- 
rating concentrations to test their efficacy on FM1-43 re- 
lease during electrical stimulation. Figure 3 compares the 
effects of co-conotoxin GVIA (upper row) and co-agatoxin 
IVA (lower row). co-Conotoxin GVIA is thought o be a spe- 
cific inhibitor of N-type Ca 2+ channels (Tsien et al., 1991; 
Hofmann et al., 1994), whereas e)-agatoxin IVA at nano- 
molar concentration selectively inhibits P-type Ca 2+ chan- 
nels (Mintz et al., 1992). The four frames in each row show 
boutons labeled with FM 1-43 fluorescence. The upper row 
shows controls before and after electrical stimulation (20 
Hz, 22 s) and, after a second FM1-43 staining, the re- 
sponse of the same boutons to stimulation after co-conotoxin 
GVIA exposure (5 I~M, 10 min). There is a remarkable 
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Figure 2. FM1-43 Release Curves during Electrical Stimulation 
(A) Open and closed squares show averages of the same 7 synapses 
in a culture that have been loaded and unloaded twice under identical 
conditions. 
(B) Release curves of FM1-43 from 4 synapses (averages) during elec- 
trical stimulation (20 Hz) in the absence (stim.) and presence (stim. 
TTX) of TTX (1 #M), and after KCI (90 mM) depolarization in the pres- 
ence of TTX (KCI TTX). 
diversity of different synaptic boutons in their response to 
co-conotoxin GVIA. The release of FM 1-43 from 3 terminals 
in the upper part of the frames and from some others is 
completely inhibited by the toxin, while 5 boutons in the 
lower part (indicated by arrows) still respond to electrical 
stimulation with a partial release of the dye. This indicates 
a heterogeneous distribution of N-type Ca 2÷ channels in 
different synaptic boutons. Similar phenomena were seen 
in cells that had been in culture for 21 days (two cultures; 
data not shown), indicating that heterogeneity in the re- 
sponse to a~-conotoxin GVIA did not depend much on the 
age of the culture. This is relevant since Scholz and Miller 
(1994, Soc. Neurosci., abstract)found developmental 
changes in the sensitivity of Ca 2+ channels to inhibitors in 
cultures prepared from embryonic rat hippocampus. 
In contrast o co-conotoxin GVIA, co-agatoxin IVA inhibits 
the release of FM1-43 only slightly, but rather homoge- 
neously, in all synaptic boutons during stimulation (Figure 
3, lower row). The heterogeneity in response observed 
with a~-conotoxin GVIA in eight hippocampal cultures was 
never seen with (o-agatoxin IVA or with isradipine. All syn- 
apses showed at least some release in the presence of 
those drugs. 
Figure 4A shows the time course of stimulation-induced 
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Table 1. Inhibition of Exocytosis in Single Boutons by 
Ca2+-Channel Inhibitors 
Boutons 
Group 1 Group 2 
o~-Conotoxin GVIA (5 p,M) 38% -+ 5.8% (17) 92% -+ 2.1% (14) 
co-Agatoxin IVA (80 nM) 17% -+ 2.4% (17) 
Isradipine (5 p,M) 23% _+ 3.1% (24) 
All inhibitors a 70% __. 3.2% (7) 95% -+ 2.4% (6) 
All inhibitors b 91% _+ 3.4% (14) 
Values represent means _+ SEM The number of boutons in each 
group is indicated in parentheses. Exocytosis is partially inhibited in 
group 1 boutons and completely inhibited in group 2 boutons. 
a Combination of all inhibitors at concentrations indicated above. 
b ~-Agatoxin IVA at 1 p.M, others as above. 
conkol m-Aga-IVA 
Figure 3. Effects of o)-Conotoxin GVIA and e)-Agatoxin IVA on Exo- 
cytosis 
FM1-43 fluorescence in synaptic boutons before and after electrical 
stimulation (20 Hz; stim.) in the absence (control; left) and presence 
(right) of e~-conotoxin GVlA (5 p.M; upper frames) or of ~-agatoxin IVA 
(80 nM; lower frames). Synapses were loaded with FM 1-43 twice under 
identical conditions (15 s stimulation, 20 Hz). Arrows in the frame 
showing synapses before stimulation in the presence of ~-conotoxin 
GVlA indicate those that still responded to electrical stimulation. 
release of FM1-43 from 31 boutons (five cell cultures). 
After restaining, a second release was induced after incu- 
bating the cells for about 10 rain with ~o-conotoxin GVIA (5 
t~M). Three additional cultures were treated with co-conotoxin 
GVlA at concentrations of 2 and 10 I~M and gave similar 
results, co-Conotoxin completely inhibited exocytosis in 14 
of the 31 synapses in Figure 4A, while in 17boutons inhibi- 
tion was incomplete (38% _ 5.8%, mean _ SEM; p < 
.01; Table 1). A remarkable slowing of the rate of release 
of the dye occurred in the 17 boutons that showed only 
partial inhibition by e)-conotoxin GVIA. In all but 1 of the 
boutons, a steady-state of dye release was reached during 
the period of stimulation. The half-time of release in the 
absence of toxin was 5.9 _+ 0.5 s, and in its presence, 
10.4 _ 0.8 s (p < .01). 
The blockers of P- and L-type Ca 2÷ channels, co-agatoxin 
IVA and isradipine, had only a moderate inhibitory effect 
on exocytosis (Figures 4C and 4D). Although all synapses 
responded rather homogeneously, maximal inhibition of 
exocytosis in 17 synaptic terminals was only 17% --+ 2.4% 
(p < .01) with o~-agatoxin (80 nM) and 23% _+ 3.1% (p < 
.01) in the 24 synapses treated with isradipine (5 I~M; Table 
1). The kinetics of exocytosis were not changed by these 
drugs (Figures 4C and 4D). 
A combination of all three Ca2+-channel blockers at satu- 
rating concentrations for N-, P-, and L-channels again 
caused heterogeneous responses in different synapses 
and slowed the rate of release (Figure 4B). While exo- 
cytosis in 6 out of 13 synapses was completely blocked, 
the dye release in the other 7 was inhibited by only 70% 
_+ 3.2%. This block is significantly larger than that exerted 
in synapses inhibited only partially by co-conotoxin GVIA 
alone (Table 1). It is not much less, however, than that 
expected from the sum of block of all three individual Ca 2+- 
channel blockers (78% _+ 3.0%; Table 1). In three sepa- 
rate experiments, the inhibitory effect of the combination 
of the three Ca2÷-channel blockers was tested on the fluo-3 
response in synaptic terminals. The rise in Ca 2÷ concentra- 
tion indicated by fluo-3 fluorescence increase during elec- 
trical stimulation was not completely inhibited under this 
condition (data not shown). However, if ~-agatoxin IVA 
was increased to 1 I~M in the combination of inhibitors, 
a complete block of exocytosis could be achieved in all 
boutons (Table 1). The small decrease in fluorescence in 
group 2 boutons is due to bleaching of fluorescence. The 
results suggest that more than three Ca 2÷ channels (N, 
P, and L) participate in exocytosis in synaptic boutons 
of hippocampal neurons, although the dominant channel 
seems to be the (o-conotoxin GVIA-sensitive N-type Ca 2÷ 
channel. 
PostsynapUc Ca 2+ Influx 
If the release of FM1-43 from presynaptic nerve terminals 
during electrical activity of neurites is blocked by TTX (Fig- 
ure 2B), it should be possible to measure postsynaptic 
Ca 2+ influx through NMDA-activated channels indepen- 
dently from presynaptic events. To find out whether the 
same synaptic boutons at which FM1-43 release occurs 
are responsive to the glutamatergic agonist NMDA, experi- 
ments like that illustrated in Figure 5 were done. The bou- 
tons were first loaded with FM1-43, and subsequently the 
dye was released during electrical stimulation (Figure 5, 
upper part). Thereafter, the cells were incubated for 20 
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Figure 4. Heterogeneity of Synaptic Boutons in Their Responses to Ca2+-Channel Inhibitors 
(A) FM1-43 destaining curve of 31 averaged synapses (five cultures) under control conditions (closed squares). After reloading of FM1-43 and 
exposure of the cells to o)-conotoxin GVIA (5 I~M, 10 min), 17 of the control terminals still responded to electrical stimulation (stim.) with partial 
release of the dye (closed diamonds), while in 14 terminals the release was completely inhibited (open squares). All data points are means _ SEM. 
(B) FM1-43 destaining curve of 13 terminals (two cultures) under control conditions (closed squares). After exposure of the cells to a combination 
of Ca2÷-channel inhibitors (5 I~M co-conotoxin GVlA, 80 nM co-agatoxin IVA, 5 p.M isradipine), 7 out of the 13 terminals responded to electrical 
stimulation with incomplete inhibition (closed diamonds), and 6 responded with complete inhibition (open squares). 
(C) Effect of co-agatoxin IVA (80 nM) on FM1-43 release from 17 boutons (four cultures) during two periods of electrical stimulation (stim.). 
(D) Effect of isradipine (5 p.M) on FM1-43 release from 24 boutons (seven cultures) during electrical stimulation (stim.). 
min in a solution containing the Ca 2÷ indicator fluo-3 AM (20 
p.M). Electrical stimulation caused a rise in the intracellular 
Ca 2÷ concentration as indicated by the increase in fluo-3 
fluorescence (lower left). The rise was most prominent at 
the sites where FM1-43 was released during the previous 
run. In other experiments, Ca 2+ rise in cell bodies and 
dendrites was more uniform. Addition of TTX (1 ~M) and 
co-conotoxin GVIA (5 pM) completely blocked this re- 
sponse (data not shown). Addition of NMDA (20 IIM; lower 
right) to Mg2+-free saline solution that also contained gly- 
cine (2 t~M) produced a rapid elevation of intracellular Ca 2+. 
This occurred at the same sites (Figure 5, arrows) that 
had previously responded to electrical stimulation with ex- 
ocytosis or a rise in intracellular Ca 2÷. This local response 
was less confined with higher NMDA concentrations. 
These results show that pre- and postsynaptic events of 
a single hippocampal synapse can be separated by using 
different fluorescent markers. 
Plots of the data illustrated in Figure 5 are shown in 
Figures 6A and 6B. The average time course of FM1-43 
release from 3 boutons during electrical stimulation has 
been plotted in Figure 6A. The fluo-3 responses of the 
same sites (cf. Figure 5) to electrical stimulation in the 
absence (closed squares) and presence (open squares) 
of TTX and co-conotoxin GVlA are shown in Figure 6B. 
The increase in the intracellular Ca 2÷ concentration during 
electrical stimulation is completely prevented by the tox- 
ins. However, NMDA in the presence of glycine is still 
capable of raising intracellular Ca 2+ (closed diamonds), in 
spite of the fact that propagated action potentials and Ca 2÷ 
influx through voltage-dependent N-type Ca 2+ channels 
are inhibited. This strongly suggests that the rise in the 
Ca 2÷ concentration at the synaptic sites is due to an influx 
of Ca 2+ through postsynaptic NMDA-activated cation 
channels (Schneggenburger et al., 1993; for review, see 
Bliss and Collingridge, 1993). Similar data were obtained 
in four other hippocampal cultures, two with NMDA and 
two with glutamate as agonists. 
Discussion 
Heterogeneity of Distribution of Ca =* Channels 
Multiple types of Ca 2+ channel have been shown to coexist 
in many neurons, including hippocampal cell bodies (Mintz 
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Figure 5. Localized Pre- and Postsynaptic Events in Single Synapses 
DIC image of the field of view (upper left). FM1-43 fluorescence in 
presynaptic boutons before (control) and after (stim.) electrical stimula- 
tion (20 Hz, 30 s; upper right). Increase in fluo-3 fluorescence during 
electrical stimulation (stim.; lower left). Increase in fluo-3 fluorescence 
after exposure of the cells to NMDA (20 ~M; lower right). NMDA expo- 
sure of the cells was preceded by 10 min incubation in a solution 
containing TTX (1 #M) plus e)-conotoxin GVIA (5 #M) and by a short 
(30 s) period of superfusion with Mg2+-free, glycine (2 pM)-containing 
solution. Arrows in FM 1-43 (control) and N MDA pictu res indicate identi- 
cal synapses. 
et al., 1992) and synapses (Takahashi and Momiyama, 
1993; Wheeler et al., 1994; Wu and Saggau, 1994). The 
new information presented in this paper concerns the func- 
tional roles of different ypes of Ca 2+ channels at the level 
of single central synapses. Exocytosis of synaptic vesicles 
during excitation is the predominant function of presynap- 
tic nerve terminals. Influx of Ca 2+ ions through voltage- 
dependent Ca 2+ channels provides the link between depo- 
larization of the presynaptic membrane and exocytosis 
of vesicles, which ultimately results in neurotransmitter 
release. Molecular mechanisms that may lead to docking 
of vesicles to active zones in the presynaptic membrane 
are fairly well understood (for review, see S611ner and Roth- 
man, 1994). Syntaxin, a protein involved in docking of vesi- 
cles to the plasma membrane, also binds to presynaptic 
N-type Ca 2+ channels (Bennett et al., 1992). Under certain 
experimental conditions, Ca 2+ influx through a single Ca 2÷ 
channel can trigger quantal release of neurotransmitter 
(Stanley, 1993). 
My results show considerable differences between indi- 
vidual presynaptic nerve terminals in their responsiveness 
to Ca2+-channel blockers. From the present data it is not 
clear, however, whether the heterogenous responses of 
boutons to Ca2+-channel blockers occur in synapses 
formed in neu rites of the same population of neurons (CA1 
or CA3), since a complete separation in culture is difficult 
to achieve. The intense network of neurites also makes 
it impossible to assign individual boutons to specific cells. 
However, there is no difference in the kinetics of release 
among different boutons, irrespective of whether they 
make contacts on cell bodies or along neurites. The distri- 
bution of boutons in cell cultures as compared with hippo- 
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Figure 6. Kinetics of Localized Responses to Electrical Stimulation 
and NMDA Exposure 
(A) Release of FM1-43 during electrical stimulation (20 Hz; stim.); 3 
averaged synaptic responses (see Figure 5). 
(B) Changes in fluo-3 fluorescence in 3 averaged boutons during elec- 
trical stimulation (stim.) in the absence (closed squares) and presence 
(open squares) of TTX plus e)-conotoxin, or after exposure of cells to 
NMDA (closed diamonds). Same experiment as in Figure 5. 
campal slices is probably not the same, and the rates of 
synapse formation and destruction could be different un- 
der both conditions. Finally, I have no information concern- 
ing distinct sensitivities of inhibitory and excitatory syn- 
apses to Ca2+-channel blockers (Home and Kemp, 1991). 
On the average, ~o-conotoxin GVIA at saturating concen- 
trations blocked about 60% of FM1-43 release from all 
synapses. This is similar to the inhibition of field EPSPs 
by this toxin (Wheeler et al., 1994). However, this number 
has to be viewed in the light that exocytosis in some synap- 
tic boutons is completely inhibited while others still re- 
spond to electrical stimulation. This probably means that 
synaptic transmission in a considerable fraction of the syn- 
apses is still fairly well intact, although the release of the 
dye from these boutons is incomplete and is considerably 
slower than without the toxin. This could be explained ei- 
ther by a slower rate of rise of intraceilular Ca 2+ in the 
immediate neighbourhood of synaptic vesicles, resulting 
in fewer vesicles to fuse (Heidelberger et al., 1994), or 
by less complete opening of fusion pores (Almers, 1990; 
Alvarez de Toledo et al., 1993), or both. 
(o-Agatoxin IVA (80 nM) and isradipine (5 ~M), inhibitors 
of P- and L-type channels, had no effect on the rate of 
FM1-43 release. They inhibited exocytosis only moder- 
ately in all synapses in the field of view. This agrees with 
the results of Mintz et al. (1992) in rat hippocampal neu- 
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rons. Wheeler et al. (1994) saw little, if any, effect of low 
concentrations (30 nM) of (o-agatoxin IVA on field EPSPs. 
However, they found that Q-type Ca 2÷ channels, which are 
inhibited by high concentrations of (o-agatoxin IVA or by 
co-conotoxin MVIIC, support a substantial portion of synap- 
tic transmission in the hippocampal CA3-CA1 region. This 
channel could also be responsible for the fraction of FM1- 
43 release that is not blocked by a combination of i nhibitors 
of N-, P-, and L-type channels (Figure 4B), since a higher 
concentration (1 ~M) of (o-agatoxin IVA in the drug combi- 
nation caused complete inhibition of exocytosis in all syn- 
aptic boutons (Table 1). At least two types of presynaptic 
voltage-dependent Ca 2÷ channels have been identified in 
CA3-CA1 synapses of guinea pig hippocampal slices by 
simultaneous measurements of field EPSPs and presyn- 
aptic Ca 2÷ changes (Wu and Saggau, 1994). About 40% 
of the presynaptic Ca 2+ transients could be inhibited by 
(o-conotoxin GVIA, and about 20% by e)-agatoxin IVA at 
a high concentration. Nifedipine had little effect. These 
authors also showed that the relationship between means 
of initial slopes of EPSPs and means of Ca 2+ transients 
is highly nonlinear. 
The functional importance of the heterogeneous distri- 
bution of various types of Ca 2÷ channels found in this study 
is unclear. It is possible that different synaptic connections 
use different kinds of Ca 2÷ channels because modulation 
of Ca2+-channel activity by neurotransmitters is not the 
same in all channel types (Tsien et al., 1988). This could 
contribute to regional specificity of synaptic plasticity. 
Separation of Pre- and Postsynaptic Events 
Another result of this paper is the separation of pre- and 
postsynaptic events in the same synapse. After the release 
of FM1-43 by electrical stimulation, loading of the cells 
with fluo-3 permitted measurements of intracellular Ca 2+ 
changes. When excitation was blocked with TTX, NMDA 
still produced a localized increase in intracellular Ca 2÷. 
This is most likely a postsynaptic response, since Ca 2+- 
permeable NMDA channels are expressed only in the 
postsynaptic membrane of rat hippocampal neurons (Liu 
et al., 1994). Figure 5 shows clearly that presynaptic exo- 
cytosis and postsynaptic increase in intracellular Ca 2+ oc- 
cur at the same sites. Localized Ca 2+ responses in den- 
dritic spines have been demonstrated before (M~ller and 
Connor, 1991 ; Guthrie et al., 1991). Spontaneous quantal 
release of glutamate is sufficient o evoke miniature synap- 
tic Ca 2+ transients in synaptic spines of cortical neurons 
in culture (Murphy et al., 1994). Separation of pre- and 
postsynaptic events by optical methods may be useful in 
future studies of synaptic plasticity (Malinow, 1994). 
Experimental Procedures 
Hippocampal Cell Culture 
Methods for dissociation of hippocampal neurons from 5- to 6-day-old 
Sprague-Dawley rats were similar to those described by Malgaroli 
and Tsien (1992) and by Ryan et al. (1993). Briefly, cells from CA1- 
CA3 regions of the hippocampus were obtained by incubating small 
sections in a digestion solution containing 5.7 mg/ml trypsin type XI 
(Sigma) and 0.9 mg/ml DNase type IV (Sigma). Dissociation of the 
cells was achieved by gentle mechanical tituration in Hank's solution 
supplemented with 12 mM MgSO4, 0.4 mg/ml DNase, and 3 mg/ml 
bovine serum albumin. After centrifugation (80 x g), cells were plated 
on poly-L-ornithine-coated coverslips (2 cm diameter) at a density of 
about 75,000/cm 2. Minimal essential media (Gibco or Sigma) were 
supplemented with 300 mg/I glutamine (Fluka), 7000 mg/I glucose, 
3600 mg/I HEPES, 30 mg/I insulin, 100 mg/I L-ascorbic acid, 0.1 rag/ 
I biotin, 1.5 mg/I vitamin B12 (all Sigma), 100 mg/I transferrin (Calbio- 
chem), 5 mg/I gentamycin (Boehringer), and 10% fetal calf serum 
(Gibco). It was essential to place the media into a 95% 02, 5% CO2 
atmosphere for at least 24 hr before addition to the cells; otherwise 
the cells died. Cultures were maintained at 37°C in the incubator, end 
media were changed every 2-3 days. Cytosine 13-D-arabinofuranoside 
(3 I~M) was usually added on day 2 to inhibit astrocyte growth. 
Experimental Conditions and Materials 
Hippocampal cell cultures were used 5-10 days after plating. Cov- 
erslips were mounted on a perspex chamber (volume = 1 ml) that 
permitted constant superfusion of the cultures with saline solution. 
Platinum electrodes were inserted into the solution. The chamber was 
placed on the stage of an inverted microscope (Axiovert 100) that 
is part of a confocal Laser Scan Microscope (LSM 410, Zeiss AG, 
Germany). Specimens were viewed with a 40 x 1.3 N. A. oil immersion 
objective (Plan-Neofluar, Zeiss AG). They were illuminated through 
the objective with a 488 nm argon laser. Epifluorescence was filtered 
through a 515 nm long pass barrier filter with the pinhole about one- 
third open. Fluorescence and DIC pictures were displayed in a split 
configuration as 512 × 512 pixel images on the screen of a CPU 
S0 486/33 MHz computer. Time-lapse sequences were recorded at 
scanning rates of 1 or 2 s per image. Data were stored on the computer 
hard disc (32 MB) and later transferred on a rewritable optical disc 
(128 MB). 
The fluorescent styryl membrane probe FM 1-43 (Betz et al., 1992) 
was added to the saline solution (10 ixM) superfusing the cultured 
cells. After field stimulation at 20 Hz for 15 s, the cells were left in 
the FM1-43-containing saline for another 2 min to ensure complete 
endocytosis of synaptic vesicles (Ryan et aL, 1993). This was followed 
by washing of the cells in normal saline for several minutes. To mea- 
sure changes in the intracellular Ca 2÷ concentration, the cells were 
incubated for 20 rain in saline solution containing 10 pM fluo-3 AM. 
Fluorescent punctae that were identified as functional synapses by 
their response to electrical stimulation (usually at 20 Hz) were selected 
for further data analysis. Regions of interest were defined as bright 
areas (<1.5 i~m 2) with as little background as possible. Changes in 
fluorescence intensity before, during, and after stimulation were stored 
and plotted. When gain corrections were necessary between two or 
more runs, regions of interest were corrected for changes in back- 
ground fluorescence. Total release was calculated as magnitudes of 
differences in fluorescence before and after electrical stimulation 
(Ryan et al., 1993). Statistical data of total release from many boutons 
are presented as means _+ SEM. Significance of differences was cal- 
culated by appropriate paired or group t tests. 
The saline solution superfusing the cells during the experiments 
had the following composition: 135 mM NaCI, 5 mM KCI, 2 mM MgCI2, 
2 mM CaCI2, 10 mM HEPES (buffered to pH 7.4), 30 mM glucose. 
Flow rates could be adjusted between 0.1 and 3 mils. In a few experi- 
ments, 90 mM NaCI was replaced by KCI, or MgCI2 was left out. Drugs 
used were TTX (Sigma), e)-conotoxin GVlA (Bachem), e)-agatoxin IVA 
(Alomone Labs), isradipine (Sandoz), NMDA (Sigma), and glycine 
(Fluka), Fluorescent indicators were FM1-43 and fluo-3 AM (both Mo- 
lecular Probes). 
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